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1.0. EIRODUC•TION

Th7e forging of porous performs produced by powder metallurgy (P/M)
techniques into structural components having mechanical properties
equivalent to wrought properties is a demonstrated technology. The
ability to produce net or near-net surfaces with powder forging result
in •anufacturing cost savings. Previous Army-sponsored programs have
shown that powder forging can be used to produce high-performance
parts economically for military applications (Reference I-3).
However, the flexibility of the process has been one reason for slow
implemeatation. Many questions regarding effects of manufacturing
variables on part quality and performance exist. It is useful to
review the findings of previous studies, and organize these results
into a handbook-type format so that the results gained in this study
can be added to fill in answers to questions remaining about powder
forging.

1.1. Backgrouti on Previous Army-Sponsored P/M Forging Programs

1hiree previous programs sponsored by the Army provide relevant
background data in this study. These programs are reviewed briefly,
with key results presented below.

1.1.1 machine Uui Accelerators. 'lie purpose of this program was to
produce, by powder forging, a high-performance component having a
complex shape to demonstrate that parts having properties equivalent
to wrought properties could be produced at a cost savings. The part
selected to be torged was the accelerator for the M65 0.5 caliber
machine gun. The material selected was 4640 water-atomized steel
powder. The selection of processing variables was a key facet of the
program. Test bar forging and mechanical and metallurgical evaluation
provided the basis for process variable selection.

Test bars were compacted at pressures of 30, 40 and 50 tons per square
inch kcsi). 'ihese test bars were then sintered at lbUOOF, 2050OF and
240UOF in dry hydrogen or dissociated ammonia (DA) atomsphere for one
hour. Test bars sintered at the two lower temperatures increased in
density by 1 to 2 percent of theoretical, while those sintered at
240UOF increased in density by ' to 4 percent of theoretical. Hydrogen
and DA atmospheres had similar effects on microstructure. Based on
tLi-se results, preforms for forging were sintered at 2050OF for one
tiour in dry hydrogen after being compacted at 12.5 tons per square
Licni tons per square inch (tsi), which produced a density of 70
percent of theoretical, or at 30 tons per square inch (tsi), which
produced a density of 65 percent of theoretical.

Test bar forging was performed using forging pressures of 20, 30 and
40 touis per square inch ktsi), with preform preheat temperatures of
ibOOOF, 160UOF,2UjOOF and 2200OF, aid die preheat temperatures of
3UUOF to i5UOF. A colloidal graphite in water lubricant was applied
to the tooling.
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Pretorms were iieated in arson. The preforms in this case fit tigitly
into the die cavity, with a clearance of 5 percent of die cavity
width. Results slowed that preform density had no effect on forged
density. Preforms temperature and forging pressure had a significant
effect on density, however. Presumably because of die chill, the
preform required a preheat temperature of at least 2ULOF, and a
forging pressure of 40 tons per square inch (tsi).

Mechanical property determination showed that property levels were
most dependent on final forged density. Yield and ultimate tensile
strength equivalent to wrought levels was achieved at forged densities
above 98 percent of the theoretical. Ductility and toughness
equivalency required densities of at least 99.5 percent of the
theoretical. Charpy V-notch values for the P/M forgings include room
temperature toughness of " 50 ft. lbs. and -40OF toughness of " 18
ft. lbs. This is similar to the published values for wrought 4640.
Roatilng beam fatigue testing showed that P/M forged 4bJ steel had a
fatigLe resistance similar to wrought 4340 heat-treated to the same
hArdness level. Preform density inad little effect, except that
forgings frou preforms of 70 percent initial density had more scatter
ini properties than forgings from higher density preforms.

Compaction was performed in tooling with a split lower punch so that
the proper mass distribution could be achieved in the compact. Because
forging of this preform required no lateral flow, the proper mass had
to be present in each section ot the preform prior to forging. This
necessitated using split punches during compaction. Forging was
performed with single piece punches. Based on these results, process
variables selected to forge the accelerator were a compaction pressure
of 30 tons per square inch ktsi), and a sintering temperature of
2USuOF for bU minutes in a hydrogen plus 1 volume percent (v/o)

eth•vane atmosphere, preheating the preforms to 2200o0  in hydrogen plus
1 volume percent (v/o) methane, followed by forging in trapped dies.
Tie tooling was preheated to 4%JOOF and was lubricated by a brapnite
inl water spray. The forging pressure was 40 tons per square inch
ktsi), and as before, a hydraulic press was used for forging.

Mechanical properties of heat-treated test bars sectioned from
accelerator foreings showed that tensile and impact properties similar
to wrought components were achieved. Most importantly, actual
coponent tests under Army supervision showed that P/M forged
accelerators exceeded specifications and had superior wear and
fatigue resistance.

I.I.Z Differential Gears. The purpose of this program was to
establish manufacturing techniques and cost information for the
production of automotive-type gears for ordnance application by powder
forging (Reference 2 and 3). Phase I of the program was to define the
process parameters for producing high.-performance gears. In Phase II,

16



the process was demonstrated by producing 300 gears and performing a
cost analysis to examine process economics; gears were then field-
tested. The differential gear and mating pinion in the differential
of an Army light-duty truck were selected as the demonstration
components. The material selected was 4600 water-atomized steel
powder.

Tlh process selected for gear forging was cold compaction of a preform
of simple shape, sinter, and hot forge. Preforms were compacted at 30
tai to a density range of 6.4 to b.b grams per cubic centimeter; a
lower compaction pressure of 20 tsi resulted in preforms that suffered
surtace crackin6 during forging. Compacts were sintered at 2200OF for
60 minutes in dry hydrogen plus I volume percent methane. Ideally,
preforms could be forged directly as they exit from the sintering
furnace. For cases where preform preheating from ambient was needed,
preforus were heated to 22UUOF in hydrogen plus methane in as short a
time as possible (approximately 20 minutes). Forging consisted of
forward extrusion of bevel gear teeth and back extrusion of the shaft
in the case of the differential gears, and forward extrusion alone of
tih involute teeth for the bevel pinion. Tlhe tools were preheated to
4UUO-600OF and sprayed with graphite in water for lubrication.

Soth hydraulic press and crank press forging were evaluated. In this
case, here was a decisive advantage to forging on a crank press. In
crank press forging, the gear teeth are completely formed at an early
stage of the deformation process, with final deformation being back
extrusion of the shaft. In hydraulic press forging, the teeth started
to form first, but then the shaft was formed before tooth definition
was complete. After the shaft was formed, the tooth definition was
completed. This sequence of deformation is: undesirable since the
critical region of the part is the tooth region, and this was the last
region to densify and fill.

Field testing of these gears resulted in a satisfactory performance.
Metallurgically, the powder forged steel was similar to its bar stock
counterparL. Metal flow at the root and along the tooth face during
tooth filling benefited the properties.

1. I. I. Coaputer-Aided Design kCAD) of Preforms. Rock island Arsenal
sponsored a program at the University of Pittsburgh to demonstrate the
capability of designing porous preforms for powder forging using aN
computer (4). Preform design is critical to the success of the powder
forging operation because of the inherently poor workability of porous
preforms. Prior to this study, preform design involved a combination
ot experience and guesswork, often resulting in higi tooling costs and
long development times as compaction die design changes were required.
Tlirough computerized preform design tecnniques, the preform could be
designed interactively on the computer, thus eliminating much of the
trial and error associated with traditional preform design.

17



TABLE 1-1. Suuaary of Process Variables from Previous
Army-Funded P/M Forging Programs

MAKLiAL: Water-Atomized 4600 + Graphite + Lubricant Addition

- Powder Size Distribution: -10U mesh with -325 mesh
fraction being < 30 percent

- Particle Shape: Irregular
- Chemistry of 460( Powder:

Ni Mo Mn Si S P Cr 0 Fe

weight 1.05 0.3 U.2 <.05 <.04 <.04 - 0.15 Bal.

percent 2.00 0.5 0.3

(L•4A•1ACON: 30 tsi to achieve at least 80 percent of theoretical
density

SLNTItRING:

- Temperature: at least 205U0F, but 22J00OF is preferred
- Time: 60 minutes
- Atmosphere: -hydrogen (-20OF dewpoint) plus 1 to 2 volume

percent methane
-dissociated aumonia is alternate
-flow rate (not specified)

RA•GING:

- Press °1ype: hydraulic (acceptable) or crank kfavored)
- Pressure: dependent on part shape (25 to 40 tsi for

hydraulic press)
- Preform Preheat: at least 20UUOF
- Die Preheat: at least JLMOF k400OF to 6UOOF favored)
- Die Lubricant: graphite in water applied by spraying

18



A program was ueveloped that included a geometric description to allow
parts to be described in terms of X, Y, and Z coordinates.
Furthiermore, tne part could be sectioned interactively into zones for
preform design. Based on a preform shape input by the user, the
computer would analyze the preform with regard to the part shape to
determine the success or failure in forging that particular preform.
by performing trial and error preform design on the computer, much
time and cost could be saved.

"Ilfe CAD concept was demonstrated on a machine gun component. A
preform was designed using the interactive program. Tooling for
forging was built, and several parts were forged successfully. As a
check, another preform shape was also forged. The program predicted
failure for the second shape, and indeed, the second pretorm shape
cracked during forging.

1.1.4. backjround Summary. The findings of the previous powder
forgiLg program are summarized in Table I. Clearly, commercially
available water atomized 460U grade steel powder is capable of being
processed into high-performance components. The sintering conditions
used in previous studies are more stringent than those employed for
conventional press/sinter powder metallurgy parts. Also, the use of a
hydraulic press for forging wakes the selection of forging process
variables different than those selected for commercial powder forging
operations using mechanical presses. For example, 2200OF is a higher
than normally used preheat temperature and was selected to compensate
for the slow ram speed of the hydraulic press. As a consequence, the
11-21 steel used for the forging dies deformed under load. In spite of
these limitations, the studies showed that dimensional reproducibility
could be achieved for critical shapes, and the powder-forged
components performed auequately in service for ordnance and automotive
applications.

WiLle a computer program of the type discussed was not available for
this study, the success of the CAD approach to preform design
intfluenced the preform and die design to be performed. Malysis of a
part by sections,whiere variations in metal flow define sections,
proved to be an important aid to preform design.

1 .Z. SopefProgram

ITe scope of this program was to build upon past experience to develop

manufacturing process data concerning powder forging of high
performance gears. Both test gears and actual components would be
forged from porous preforms and tested to demonstrate performance
capability. Gears were selected as the component for demonstration
because of the cost reduction potential of powder forging net or
near-net teeth at no sacrifice to the performance.
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2.0. WPRAM OBJECTIVES

'11e objective of this program was to investigate, characterize, and
provide for the evolution of manufacturing process routings applicable
to tLe production of high-performance gears by powder metallurgy
techniques. A three-phase program was carried out to achieve this
overall goal. Both test gears and real components were forged from
sintered steel powder preforms in this effort. These phases are
defined in the following sections. An underlying theme throughout the
program was cost reduction.

2.1. lhase I. NASA Lewis Research Center Test Gear

A spur gear used in gear rig tests at NASA Lewis Research Center was
selected for the first phase of this program. Gears were P/M forged
froia both 4620 and 464) steel powder preforms, heat-treated and
Wi•isned, and then tested in NASA's 4 square gear testing rig. A
large data base for aerospace gear materials, including carburized
9ý3W steel, already existed for this rig test.

1Ii ree major goals were to be achieved in this phase. First,
through-hardened gears of 4640 composition were compared to
case-hardened gears having a nominal composition of 4620 steel powder.
Second, net teeth and teeth finished by grinding were tested to
determine any differences in performance between these teeth. Third,
the concept of using interchangeable die inserts to reduce tooling
costs would be demonstrated.

Other goals of this phase were to evaluate the effect of forging
temperature on gear characteristics and tooling, and to apply
couaputer-aided perform principles to preform design.

2.2. Phase II. AGT 15UU No. 6 Accessory Gear

11w second phase objective was to P/M forge the No. 6 accessory gear
tor the ANI 15WU turbine engine used in the Abrams tank. CAD
techniques were to oe used for preform design. These gears were
tor~ed using the swue die set as in Phase 1, with uifferent punches
and die inserts being required. This gear represented an increase in
complexity of stape over the Phase I gear by virtue of its tooth
geometry.
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Based on the outcome of Phase II, the next step in this process
evolution was penetration into the helicopter gear market. These
gears are very expensive due to the precision requirements, and P/M
forging offers considerable cost saving potential.

2.3. Phase 111. M 2 Gear

Redirection of the original program substituted a power take-off
pinion gear for the M113 personnel carrier in place of a helicopter
gear. Dhe gear selected, Part No.12Z98b35, was a ring gear for which
P/M forging offered significant cost reduction potential. Again, this
6ear represented an increase in complexity from the previous phase.
itve thin ring wall and the tooth geometry, while offering cost
reduction potential, also posed workability and die chill problems to
be overcome.
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3. u. CcxCJUISIONS

Based on tile results of this program, the following conclusions were
drawn:

" Manufacturing cost analysis showed that P/M forged gears
offered cost reduction potential compared to the cost of gears
manufactured in accordance with current procurement
specifications. For an automated P/M forging line, the AM
IbO No. b accessory gear and the M-2/M-3 power take-off gear
can be produced at a cost reduction by 75 percent and 50
percent, respectively.

"o P/M forging is definitely a suitable manufacturing process for
high-performance military gears. The success in forging three
widely different spur gears ki.e., NASA test geat, ACT ibJO No.
6) flexibility of the process and the capability of forging
difficult 6ear shapes from sintered steel powder.

"o The exact form of the P/M forging process and the gears depend
upotI Me nature of the gear. Highly stressed gears oi aerospace
quality can be powder forged, but finish grinding is necessary
to achieve the required surface finish and tolerances of
Aerican Gear Manufacturers (AGMA) qualities 10 and higher. As
the load level and AGMA quality drop, the as-forged tooth
surfaces (i.e., net-size tooth shape) become acceptable as
long as the forging process is properly controlled.

"o Proper preform design by computer aided design and control of
the forring process resulted in dimensionally accurate gears
that were free of forging imperfections. The NASA test gear
was successfully forged from sintered preforms of 462U and
4640 steel powders. I'wo successful process routes were
established.

"o Forged AUT-bt5U No. 6 accessary gears were successfully
produced from 4bU0 steel sintered preforms. The importance
of preform weight control was demonstrated. The suface finish
of the gears forged at 180UOF was superior to that of gears
forged at ZZWOF.

"o 'l1w- thiin ring wail and LIte large tooth of the M-2 power
take-off gear presented design and workability problems. Die
chill in combination with high lateral strains caused a die
fill problem for preforms preheated at temperatures below
ZZUU°F. At 23W•OF, die fill was improved.
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o Ejection is more critical for P/M forgings than for
conventional forgings because there are no draft allowances in
the former. Special attention should be given to die design
in relation to contraction of the workpiece onto the core rod.

4. U. REC 2TIUNS

batLLd on the results of the gear forging phases of this program, the
following recommiendations are proposed:

0 P/M forging ot gears should be designated as an acceptable
manuiacturing method for many military gears. Automotive
gears, and many power transmission gears can now be produced
from forged P/M steels with no reduction in part performance.

o Further work should be carried out to explore the substitution
potential of forged P/M gears for machined "cut" helicopter
gears, tligily loaded transmission gears, and other precision
gears. New alloy steels and new powder types, such as
oil-atomized powder with lower oxygen levels and
chromium-bearing steel powders, should also be included.

o This program only scratched the surface of implementation of
CAD to die and preform design; more emphasis should be put on
this area. lite production of precision parts requires accurate
design models. The use of the computer must expand in these
areas for efficient production of precision hardware.

o A program to establish automated manufacturing procedures for
forged P/M gears is needed to take advantage of precise control
of forging processes. Implementation of computer-controlled
forging. equipment, robot transfer devices, and tooling produced
by CAD/CAM techniques will be needed to allow precision forging
processes to penetrate military and commercial markets to a
greater degree than they already have.

o it is necessary to establish quality control proedures and
acceptance/rejection standards for use by the gear designer
to allow incorporation of forged P/M gears into critical
applications.
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5.0. DISCUSSION

5. 1. NASA Test Gear (Phase !)

'l1e standard test gear used at the NASA Lewis Research Center for gear
development studies is shown in Fiure 5-1. This gear is a straight
spur gear with 26 involute shaped gear teeth. It also has a top and
bottom hiub, with a central bore. P/M forging of this gear represented
a ctiallenge due to tight dimensional tolerances and the long, thin
tooth profile.

5.i.I. Preform Design and Production. Professor Howarc A. Kuhn of
the University of Pittsburgh was contracted to design tne preform for
the NASA test gear. 'ie computer program developed previously was not
capable of designing gear preforms because axisymmetric shapes had not
been included in auht development effort. However, as co-developer of
that program, Professor Kuhm was able to use the same design approacih
for this gear preform as was build into the computer program.

In order to implement CAD of preforms for future preform design tasks,
we soatware developed at the University of Pittsburgha ksee Ref. 3)

was modified to run on TRW's IBM computer system. The graphics
portion of tne software was modified to accept a geometric description
of tkue spur gears. This enhanced the original software to allow cross
sectional area and volume calculations of spur gears. Details on thLe
geometric description and calculations are contained in Appendix A.

!.1.1.1. Workability Characterization. The first step in preform
design was to characterize the workability of porous preforms of 4620
and 4b4U composition. Water-atomized 4600 V low alloy powder
ktlioeganaes Corporation's forging quality powder) was blended with
graphite to achieve the desired carbon levels. Right circular
cylinders were pressed in a double acting die set to a height of 0.65
inches WO.UlO m) and diameter of 1.000 inches kU.U25 w). The

compacts were sintered at 2200OF k12040C) in hydrogen plus I volume
percent metamne for one hour at temperature, to an as-sintered density
being of 6U percent of theoretical. These samples were then
isothermally compressed between flat dies with controlled friction
cu11dicions. Room tempreature comparison tests were performed on a
BaLdwin universal testing machine at a constant ram speed of 0.5 in/s
kU.UIJm/s). The triction conditions examined were: rough dies,
smooth dies, smooth dies lubricated with molybdenum disulfide grease,
auA hwooULh dies sprayed with Teflon. Elevated temperature tests were
pmerformed at IJUUOF, k7040 c), 13JUOF k7320C), 1400oF T7bUOC),
I4i)UoF k7b6OC), and 1tioF k962oC) on a specially adapted HIWS
machiIe at a constant strain rate of U0 per second. Ilie friction
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Figure 5-1. NASA Test Gear.
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conditions for elevated temperature tests were: dry rough dies, dry
smooth dies, smooth dies sprayed with graphite in water, and smooth
dies lightly coated with glass frit.

'iTh fracture lines resulting from these compression tests are shown in
Figure )-2 for 462U preforms and Figure 5-3 for 4640 preforms.
Fracture lines were determined from surface strain measurements made at
iue point of fracture. Although scatter is present, distinct

workability trends are clear. The fracture lines lie at a slope of
U.:), wlich is in a6reement with other reported results lor porous
preionrms and conventional material (Reference 5-7). The level of the
Lracture line, indicated by Lae plane strain intercept value,
increases as the test temperature increases, as expected. Above
14UuOF, the workability of these materials is not improved
substantially by increasing the temperature. Interestingly, 4640 has
imar 6 inatly better workability thUn 4620 at all test temperatures. Ihe
poor workability of porous preforms is reflected by the low level of
these lines. For reference, low alloy steel bar used in cold forging
applications has a plane strain intercept value of 0.4 opposed to the
P/M values, which are all under U.15, in Figures 5-2 and 5-3.

5.1.1.2. Preform Design. M engineering drawing of the preform for
tlis gear is shown schematically in Figure 5-4. The preform is smooth
on the outside diameter, requiring that gear teeth be formed by
lateral flow during the forging operation. A top and bottom sub are
present initially so that repressing dominates hub fill and
deisitication. The hub and flange are connected by a tapered section.
A major point is that this design is based on the starting preform
having a unitorm density of 6U percent of theoretical.

In Fi6ure 5-4(b) the position of the preform in the die cavity at the
initLation of forging is depicted. Contact is made simultaneously
along hub and flange surfaces. As tooth fill and hub densification
occur, Lae radius co-nnectin6 the hub and flange does not move so that
it becomes the same radius on the forged part. No metal flow occurs
into the nub from the flange, or vice versa, during the forging
operation, provided the initial preform density is uniform. In this
manner, metal flow is concentrated in the gear tooth region, where it
is most beneficial.

5.1.1.3. Preform Compaction in hard Tooling. To simulate commercial
production of these gears, a subpress was employed for powder
consolidation. 1he subpress simulates double action compaction by
floating the die body on pneumatic cylinders. 'The subpress is shown
ill Figure j-.5 installed in a 15U ton hydraulic press. TWo of the air
cy linders which support the die table are visible at the front corners
of tUe subpress. 'te compaction tooling consists of a top punch, a
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Figure 5-4. (a). NASA Test Gear Preform.

(b) Position of Prefor m in Die Cavity.
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ring die, and a botton pLuch, as shown in Figure 5-b. The ring die
tortws both the outer diameter of the compact and the gear section by
vLrtue of the integral shelf in the die body. The bottom punch is

lv associated with the •ub portion of the preform shape.

Tlx! coipaction process for this preform includes two stages. In stage
t, stop blocks are placed uider the die table to restrict motion of
the die table. 1his causes the major load enacted by the advancing
top punch to be applied to the gear section of the compact. Wien the
full load of the press has been achieved, the compaction process is
interrupted and tie stop blocks are removed. Downward motion of the
press ram is reinitiated to begin stage II of the compaction process.
Now, the die cable is tree to float, with downward motion occurring as
the resistance force of the air cylinders is overcome. Downward
motion of the die table causes the hub section of the compact to
densify, as the bottom punch remains motionless. The results of this
compaction process is that stage I sizes the gear section of tne
preform and stage 11 sizes and hub section of the preform. In
production on commerciai equipment, these stages would occur
shbultaneousLy through multiple punch motions, instead of sequentially
througi the use ot ma interrupted process.

5.I.2. Design of Forging Tfools. The design of foreing tooling for
this study comprised two major areas. First, a die nest had to be
designed that demonstrated the concept of interchangeability of
tooling components. Second, the die components for the NASA test gear
had to be designed and dimensioned.

5.1.2.1. Die Nest Design. A die nest was desi6ned for P/M forging of
parts up to 5 inches in diameter by 2 inches in height. With
tidifications, other sizes could be accommodated. The die nest
consists of a 4 post nest for punch guidance, a top punch assembly, a
ring die mnd ring die support assembly, a bottom punch assembly, and
an ejection mechanism. 'The die nest is shown schematically in Figure
5-7, withi tLhe uide posts owitted for clarity. In Figure 5-5, the die
nest, is shown prior to installation in the 700 ton crank press. The
toohti i",mbers that comprise the forging or part-shaping members are
tLhe ring die, the top punch, the bottom punch and the core rod. Each
difleretkt part forged in this nest requires a different set of forging
uuwbers. The concept of this tooling arrangement is that the nest can
be used witlh a wide variety of for6in6 members to minimize tooling
costs. At the same time, the design of the die nest should allow fast
ciumi6e-over trow one iorging shape to another, thus ,inimizing setup
costs.
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Figure 5-7. Schematic of Die Set for P/M Forging.
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Figure 5-8. NASA Test-Gear Forging Die- Set.
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j.1.2.2. Top Punch Assembly. 'The top punch assembly was designed to
accurately locate the top punch with regard to the ring die. The top
punch is bolted to a backer plate which is positioned by a support
ring. Notice in Figure 5-7 that provision is made for a load cell to
be mounted in line with the top punch for accurate measurement of
forging loads. Not indicated by this figure is the fact that both
lateral arid rotational locations twust be established and maintained.

The alignment of the top punch with the ring die is maintained by four
guide posts. This arrangement proved to be satisfactory for this
study. For more precise alignment, but at a higher tooling cost,
guidance by vertical wedges could be used.

5.1.2.3. Ring Die Assembly. The ring die is supported by a split
ring clamp which contains two nigh strength steel bolts that supply
clamping pressure. The ring die support contains four horizontally
positioned cartridge heaters for control of die temperature. lhe
support ring was designed to provide sufficient support to the ring
die for prevention of ring die distortion. In this regard, it is not
as efficient as the use of stress rings. For commercial practice, one
or Lwo stress rings should be used to provide die support, and the
split ring should be used for positioning. Also, the split ring
should include either a locking taper or a flange to prevent upward
motion of the ring die during ejection of the forging. With repeated
lorging, some vertical motion of thie ring die during ejection was
experienced for simple cylindrical clamping with no taper or flanges.

"The ring die assembly must mate precisely with the bottom punch
assembly for accurate alignment between top punch, ring die and bottom
pun~ch.

5.1.2.4. Bottom Punch Assembly. 'Ite bottom punch assembly is perhaps
the most critical of the die nest components because of the different
Li1ctUoits whic| it must perform. First, this assembly provides
support and alignment of the bottom punch. Second, it must provide
for vertical positioning of the punch ior torging thickness control.
kNote: Some presses allow positioning by a ram height location
colltrol, which elininates this function from the bottom punch
assembly. Alternatively, hydraulic wedge packages are available for
thickne-ss control). Titrd, ejection capability must be provided.

Support of the bottom punch is provided by a backer block and a
sub-backer block. 'llTese meembers are important because the bottom
punch is bolted to ejection pins w-ich pass through the backer block
mid bolt to an ejection plate. A rod connects the ejection plate to
Like ejection mechanism.
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1Ll1w sub-backer plate rests on a sliding taper plate, which iin turn
rests on a tapered base plate. Adjustment screws drive the taper
place backwards and forwards for height adjustment of the bottom
putch. This arrangement provides fine adjustment of forging
thickness.

5.1.2.5. Die Dimensioning. The dimensions of the forged part are
determined by preform dimensions and density, the die dimensions, the
forging temperature, the die temperature, and the forging cycle time.
These variables encompass many other variables and are dependent on
'wmiy material properties. Tlie achievement of the precise part
dimensions on a repeatable basis is dependent on the degree of control
oi Ule P/M torgin6 process in terms of temperatures and times, the
meciianical and physical properties of the die and workpiece materials,
tuid the repeatability of process times. lTe interaction of these
variables is detailed in Appendix B.

For the NASA test gear, the ring die was dimensioned for forging at a
pretora preheat temperature of 180UOF (960•C) and a die
temperature of UU0oF .2WOoC). rlhe die cavity dimensional data
supplied to the toolmaker are given in Table 5-1. The process times
were nikLown at that point and could not be taken into account for
this dimensioning. However, compensation for these unknowns was
possible by varyin6 the actual forging variable used. Final forging
size was achieved by altering preform and die temperatures. For
example, if the forgings are repeatably undersize, increasing the die
Leuiperature and/or decreasing the preform preheat temperature will
produce larger torgings. Conversely, a decrease in die temperature
and/or an increase in preform preheat temperature will produce smaller
torgigis.

5.1.2.b. vie Manufacture. The forging tool members were manufactured
lrou H-13 die steel. Electrical discharge machining using a traveling
wire kwire EaM) was selected as the method for machining tne gear
shape in the ring die and the punches. Wire EDM is a numerically
controlled machining process and is capable of maintaining dimensional
accuracy within 0.0002 inches (0.0005 rmm). Accuracy of this order is
needeU in the manufacture of precision forge tools. The wire ERM
process guarantees accurate mating of punches and dies. The ring die
was ,wacriined to the dimensions in Table 5-1. The punches were sized
to allow a clearance gap of 0.002/0.004 inches (0.005/U.102 imm) per

5.1.3. Fbrging of iVSA Test Gears. Before discussing the actual
experimental procedures, the variables present in this powder forging
study must be defined. 'Th-ese variables center around equipment, the
porous workpiece, and the interaction between equipment and workpiece.
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1.3.1 iefiniLion of Forging Variables. The significant equipment
used for this forging study were the press and furnace. A 700 ton
(6.2 v94) crank press with a I0 inch k0.25 m) stroke was selected as
tLhe forging press. For preform heating and sintering, a muffle
irnvice equipped with a dissociated annonia atmosphiere was selected.

"This equipment is shown in Figure 5-9. The furnace mouth is adjacent
to the press to allow rapid transfer of w•t preforms to the die
cavity.
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TABLE j-1. Diuensions ot NASA Test Gear Ring Die Cavity
at Room Temperature for Forging of Oversize
Gear Teeth.*

Nuiuber of 'T'eetlh 28
DlWbaUral Vi'ich
Circular Pitch U.397 in.
UIVcdal lUotik 1IiLcIuwess kiRot.) U.223 in.
i'Pssure atgLe 20
Pitch Diameter 3.534 in.
Ktjor Dimleter 3.819 in.
Minor Diameter 3.211 in.
KOot Fillet Radius 0.0W0 in.
Tip Kadius 0.010 in.

• |Luices have a 0.002 in. clearance gap per side.
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Sintering Furnace Used for P/M Forging.
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because imanual transfer of the ihot preforms to the die cavity and
manual operation of the press were part of the process, the heater and
tlkt press operator were other variables to consider.

lle process sequence is given in Table 5-2. Variables are indicated
for each process step. Several of ttie variables were assigned
p)redetermined values, as indicated. Reasons for these selections
ilctuded counercial considerations and prior experience. ¶lhe
variables which had no assigned values were examined in experimental
tLrLals.

iPreomn Lteperatures over the range 16UUo to 22U 0OF
k9dZo to 12U40C) were examlined.

'rout Te-peraLure - Because tool steel dies were used, the preheat
temperature was held below 7A0WE to prevent tempering ot the dies.
However, cold tools chill the forging and produce surface porosity.
"therelore, temperatures between 31UO and bUUOF k150O to 3150C)
were selected for exmaination.

Forin. Pressure - Pressure is a consequence of die fill and flow
stress for forging in trapped dies on a mechanical press. For P/M
forging, pressures between 30 and 70 tons per square inch ttsi) (414
to 965 MPA) have been reported. For this study, pressure was not a
variable. Kather, the press was adjusted to give die fill at a given
forging temperature, within the limits of the press. Forging load was
ieasured, however, using strain gages on the press frame.

Tiue in Tooling - The time that the part is in the tooling should be a
minimum tfor a number of reasons, the two major ones being minimizing
heat build-up in the tooling, and minimizing distortion of the part
due to nonuniform cooling in the die. Rapid sequencing through the
forging cycle minimize this time. For this forging setup, the
ejection system was separate from the mechanical advance and retract
of the press ram. It is manually operated, using a hydraulic cylinder
to raise We uottom punch and push the part from the ring die cavity.
'e-refore, although the press sequencing was fast, the total time in
the die cavity was long comparea to that of a production system due to
a slow ejection system. For example, for a production setup a total
tLIe il tile toolin6 may be on the order of U.1 second or less. For
this setup, thle total time in the tooling was at least 2 - 3 seconds.

5.I.j.2. Experimental Procedures. After installing the die set in
the press, sintered aluminLun preforns 90 percent dense were forged.
'tlese were flat douuhnut shapes with increasing weight from 95 8ýn to

Zi/ };a. '11w doughnuts were h"eated to 6 VUOF (4ZOOC) and coated withi
graphite lubricant. The dies were sprayed with grapnite lubricant.
'lhese trials provided data concerning press characteristics, sucii as
play in the load train. Web thickness of the forged shapes.
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'1ABLE 5-2 Powder Forging Process Variables

Step- Variables Present Selected Variable Values

Powder Type -Production Method Water Atomized
SelecCion -Initial Alloy

Distribution Prealloyed
-Particle Size

Distribution -100 Mesh kForging Quality)

Uxmtpaction -Lubricant Zinc Stearate
-Lubrication Method Die Wall
-Compaction Tooling Tool Steel Dies (Hard Tooling)
-Compaction Pressure Sufficient to Densify Powder

to 80 percent of
Theoretical Density

Sintering -Atmosphere Dissociated Ammonia
-Temperature 2200 OF
-Time 30 Minutes at Temperature

Foregi -Press Type Mechanical
-Preform Temperature
-Tooling Treperature
-Trans ter Time 8 sec.
-Forgin% Pressure Sufficient for Die Fill
-Time in Tooling
-Lubricant Deltaforge 31 Or 33
-Post-Forging Cooling Quench in Oil
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was measured, and the amount of uie 1ill was examined. because these
were flat shapes initially, the hubs were formed by extrusion and the
gear teeth oroned by lateral flow. Interestingly, a preform shaped
similar to the one in Figure 5-4 kwith a weight of 129 gm) gave the
best till and a tLhinner web than the lighter weight flat preforms.
ITis suggests that preforms which use selective metal flow may achieve
die fill at lower press loads. However, it does not offer information
concerning the degree of densification.

11igh1ty percent dense steel powder preforias were next tried. As in the
case of tke aluminum preforning, the perform weight was initially low
tukl gradually increased for each succeeding trial to avoid die
problems. A sintered preform of 3o4 6in was heated to 1I6 00F
(l0iU0C) and forged tools to 2u 0 oF k93oC). The hub filled
completely, but the gear tooth fill was incomplete. Ejection was
extremely difficult as Lte forging contracted around the core rod as
it chilled prior to ejection. To circumvent this problem, the core
rod was sectioned as shown in Figure 5-lu so that a removable cap was
ejected with the forging. Tlhe cap could later be removed easily from
W e lorging mid reused. After this concept was implemenued, several
forgin6 lubricants were examined, including Deltaforge 31, Deltaforge
33, IvioLydag, Fisk 6U4, Polygrat, and Ceram-guara. Of these,
Deltaforge 31 and 33 gave the best overall results from standpoints of
lubrication, uniformity of coating, and ease of application. on the
basis of these strictly qualitative observations, Deltaforge 31 was
choselk as tue primary lubricant for the remainder of the project, with
beltaforge 33 being the second choice.

From these trials, satisfactory forgings were produced by preheating
Lite wid tools to •5UOF k268oc), spraying the green (xnsintered, or
as-pressed) preforms with Deltaforge 31, sintering (preheating) at
ZZUU OF kI2U4 oc) for at least 3U minutes, and Spraying the tools with
Deltaforge 31 prior to forging; 30 minutes was required for sintering,
as the tooth tips cracked when the preforms were sintered for shorter
tiues.

A Ixiint of importance concerning preform design is that forging laps
were present on each hub. These laps were caused because the hub and
gear toothl sections were not compacted to the same densities. During
forging, the gear tooth section reached full consolidation before the
hub sections. 'this resulted in metal flow into the tiubs, which moved
the corner of the preform onto the hub. Final hub fill axially
collapsed this corner to torm a lap, as shown in Figure 5-11. Because
this lap does not affect the performance of this particular gear, no
steps were takenl Lo alter the compaction practice in order to achieve
Lunitonu prefonu density. All NASA test gears contained these laps on

. L .3.3. ~ForLgPi Trial I(esults. A series of 462U aid 4o4U steel MASA
test gears with oversize teeth (0.008 to 0.01 inches grinding stock)
were lorged using the above conditions.
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Figure 5-11. Lap Formation (Resulting from a Nonuniform Preform Density)

on Hubs of P/H Forged Gears.
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Individual green compacts were charged at ten-minute intervals into
twe [unace for sintering/preheating. After a thirty-minute dwell at
22OUF (I12U40C), the preforms were transferred manually to the die
cavity and forged in one blow to full shape and full density. Upon
ejection, tLe gear was quenched in oil to a tandleable temperature,
and the core rod cap was removed. The core rod cap was inspected and
reused. In between forging blows, the dies were wiped to remove
excess graphite lubricant, and torch-heated to maintain temperature.
'he cartridge ieaters were on continuously to h-elp maintain a uniform
die temperature. Just prior to forging, the die cavity, the bottom
putici face, and the top punct face were sprayed with the graphite
lubricant. After the batch of oversize gears were forged, they were
noruiAlized at 16SUOF (9U0Oc) for two hours and slow-cooled under a
dissociated mnumonia atuvosphere.

A preform and forged gear is stiown in Figure 5-12. Tnis 6 ear is in
the as-forged condition with flash removed. Although trapped die
forging is referred to as flashless forging, some flash in the form of
vertical fins does form between the punches and ring die. The extent
of flash is a function of the preform weight in comparison to the die
cavity size, the temperature, the clearance gap between the punches
mad die, and the lubrication. 'Lhe fins were removed by hand filing.

Several of these gears were sectioned and examined metallographically.
As expected, the last regions to densify were the tooth tips where die
wall contact is last made. In Figure 5-13, the tooth tip for a
forging with incomplete die fill is shown. Residual porosity is
evident at both the tip and the end of the tooth face, being most
concentrated at the tip corner. For a fully formed gear tooth, some
residual porosity is present at the tooth tip, as shown in Figure
5-14. Ihis porosity is extremely difficult to eliminate. Because it
does not affect the performance of the gear, it is not necessary to
try Lo liIinate thlis trace of porosity; the critical regions of the
gear tooth, the face, and the root are free of porosity. A typical
LOoLtI face is shown hi Figure 5-15 in the as-polisted condition. No
porosity is evident. Examination of the microstructure in the etched
coWldition revealed tue presence of two types of inclusions. Metallic
inclusions are shown in Figure 5-16. These are rich in nickel and
probably stem, from tLle original melt practice. In Figure 5-17,
clusters of fine nonmetallic inclusions can be seen. These clusters
are siticon-containin6 compouLnds, as revealed by the X-ray analysis
shown in Figure 5-16. These inclusions also originate in the melt
practice used for powder production.

Based on the outcome of these oversize gears, a set of punches and a
ritl6 4Le were maciiined by wire EDIN for forging net gears. The roohi
te••erature diiensions of the ring die are given in Table 5-3. The
Lorging cunditions for achieving net teeth were as follows.
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Figure 5-13. Residual Porosity in Underfilled Gear Tooth.
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Figure 5-18. X-Ray Analysis of Nonmetallic Inclusion-Clusters
Shown in Figure 5717.
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TABLE S-3. Diiensions of NASA Test Gear Die Cavity
for Forging of Gears with Net Teeth.*

Number oi Teeth 26
Diametral Pitch 8
Circular Pitch U.39b in.
Chordal Tooth Thickness (Ref.) 0.193 in.
Pressure Angle 2uo
Pitch Diameter 3.533 in.

SMajor Diameter 3.766 in.
Minor Diameter 3.174 in.
Root Fillet Radius 0.060 in.
Tip Radius 0.010 in.

* Punches have a 0.002 in./O.004 in. clearance gap per side.
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u di tepe"rature of 355 to 365 0F k1SUo - 160C))

o preionu preheat temperature of 22UOOF k12040c) with a 30-minute
sintering/ heating ti•e

o A transfer tiue oi tour seconds.

'llie processing window for achieving net teeth was found to be tight.
Die temperatures above 305OF ki19oC) or slow transfers k 4 sec.)
produced oversize forgings. Die temperatures below 355OF kI60oC)
produced undersize forgings. Because four seconds was the practical
lower limit ot transfer time, excessively fast transfers did ott
occur. If they had, undersize torgings would have resulted. One
other Lacet of die temperature was die till and chill. The lower
lihit seeied to be 35OPF avoidbig gross die chill on gear teeth and
for achieving full cavity fill. A series of forgings of 4620 and 4640
steeL powder were produced using these conditions. These forgings
were normalized following the same cycle described above.

5.1.3.4. Finishing of Test Gears. soae finishing of these gears was
necessary prior to testing. Because of the high Hertzian stress level
oh mte NASA gear test, all gears were carburized prior to any finish
machining. Oversize gears were sized by grinding. All gears were
for6ed with undersize bores. Because of the concentricity
requirements for these gears, wire EDI was used to cut the bore and
key slots auter teat treatment and any required rooth finishing. This
produced acceptable concentricity between the gear dimensions and the
bore.

'11°u ic ti2u d 4Ut gears were carburized according to the cycle
presented ini Table 5-4. Prior to carburizing, all surfaces except the
gear LooLn laces were coated with a carburizing stopoff compound to
ILuit carburizing to the gear teeth. The microhardness profile
,r-•duced by utis carburization cycle is tabulated in Table 5-5 for a
4020.gear. 11be actual Iardness level of Rc 58-59 is below the aim
hardn"ss of Rc oO-b2. •he effective case depth was determined by the
heat treater (U.U38 inches), and the surface hardness (Rc 60). This
case depth was sufficieut to allow subsequent tooth grinding where
necessary. A micrograph of a typical gear tooth is shown in Figure
5-19.

T[ke oversize gears were then maclhined oy grinding after carburizing.

5.1.4. Gear Testing at NASA Lewis Research Center. Gears were tested
at PJA Lhwis Research Center under the direction of Mr. Dernis
Townsend. A set of gears prior to delivery to NASA is shown in Figure
5-2U. A complete report of gear test results is found in NASA Report.
Some of the test details and results are sumwarized in the following
paragraphs.
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LABLE 5-4. Carburizing Cycle for P/M Foiged NASA Test Gears

I. Carburize at 1650oF to ani effective case depth of u.033 in. at a
carbon potential of 0.85-1.0 percent. The ain surface hardness is
Rc 60-62.

2. Air Cool

3. Stress Kelieve at iZU0OF tor Z.5 [its.

4. Austenitize at lbUOF for 2.5 tirs. foilowed by an oil quench.

5. i)eep freeze at -12U0oF tor 3.5 hrs.

6. iouDle temper at 3U00OF for 2 [is.
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'PABLL :)-5. Microliardniess of Garburized Gear Tootti.*

Distan'ce froau Thouh Face li9 ardness, Re

0. WI2 .54.8
0.u052 59.1
0.0092 58.7
0.0132 58.0
0.0172 58.4
0.0212 57.7
0.0252 56.7
0.0292 54.8
U.0332 52.6
0.03J/2 51.8
0.041Z 49.8
0.U452 48.3
U.049J2 47.8
0.0532 47.2
0.U572 45.9
0.0612 45.4
U.0b!52 44.8
0.069Z 44.8
0.07:3z 43.0
0.0772 44.2
0.0812 44.6
0.0852 44.6

Taken~j apIproxiiiiately at the pitch diaweter.
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Figure 5-19. Macroetched View of P/M Forged 4620 Gear Showing
the Carburized Case.
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w-e 6vars were tesLed at NIASA in a four square test rig, shown
scliematically in Figure 5-21. The gears are offset from each other so
diac only one-half of ttie tooth face is loaded. T•his produces a
complex stress state in the gear tooth which consists of bending and
twisting. The gears turn at I0,000 rpm and a Hertzian stress of
248,000 psi is applied at the pitch diameter. The maximum bending
stress is 37,000 psi. Data obtained from the test are
cycles-to-failure, Wiebull plotting being used to evaluate data.

'11 data for 9310 steel gears, the standard material for -elicopter
traismission gears, and the data for the P/M forged gears of 4620 and
4640 steel powder, are shown in Figure 5-22. The baseline 6ears of
9310 steel have a BlU life of dx10o cycles. P/M forged 4620 gears
whilclh were carburized and finish ground and a B10 life of 13xlOo
cycles. P/M forged 4620 gears which were carburized only (no grinding
or Linishlng operatins on gear faces) had a B10 life of 5xlOo
cycles.

111C eata shown ii F-1igure 5-22 are encouraging. First, for this highliy
loaded test case, P/M forged gears with ground teeth show potential
ior replaciig the 9310 alloy gears. Uhe P/M forged gears have a slope
similar to the baseline gears. While they have a lower B10 life, they
also have a lower surtace hardness, which, coupled with their lower
alloy content, way explain the differenct in B10 lives. Second, P/M
forged gears with net tooth faces exhiibit scatter whiich is most likely
due to thte dimensional variations of forged plus heat-treated
surfaces. 'llese variations are magnified at this high level of
loading. For more noderately loaded gears, as-forged surfaces would
be acceptable, as has been shown for studies involving automotive
gearing applications (Ref. 2,3). Third, no P/M forged gears suffered
tooth breakage during testing. Failure occurred by spalling and
cracking along the highly loaded tooth faces. The beneficial effect of
ii-taL flow during iorging prevented tooth breakage. Gears machined
from 4340 bar, on the other hand, did experience tooth breakage. The
origiiial meclanical fibering in the bar is still present in machined
and Iteat-treated gears. The orientation of this fibering provides
crack paths to promote tooth breakage.
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Figure 5-21. Schematic of 4-Square Test Rig at NASA-Lewis Research Center.
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5.Z. AGT 15OU Turbine Engine Accessory Gears kPhase II)

Phase 11 of this project was aimed at implementing the technology
gained i f•hase I for P/14 forging accessory gears in the AGT 15UU
turbine engine used in the Abrams Tank. The No. 6 gear of the
accessory gear box was selected as a candidate for P/M forging. This
gear is shown in Figure 5-23, and the gear tooth data are tabulated in
"Tabl.e 5-0. The current method of manufacturing this gear is by
"iachining aircraft quality 4340 bars. The gears are used in the
througi-tkardened condition, at a hardness level of Re 34 to 37.

5.2.1. Experimental Programn. The material selected for forging
these gears was 4L40 steel powder. Prefortu stock was produced by cold
[sostatically pressing (CIP) a log of powder in urethane tools at a
pressure o oLAJUO psi (414 MPa), followed by sintering at 2200OF
(I2040C). for one tiour in a dry iiydrogen plus 1 volume percent methane
atwosphere. Preforms were than machined from this sintered log.

'IV) pretorm geometries were initially considered for forging these
gears. 'Ihese geometries, shown in Figure 5-24, were selected to
exdiuuic differences in lateral flow during forging. The gears have
very fine teeth, and tooth cracking during forging was anticipated to
be a major problem.

'[he 1or6e tools tor producing these gears are shown in Figure 5-25,
akn the die dimensional data are given in Table 5-7. The die cavity
iuid pIuncit teetli were mac-ixied by wire EIl, with a clearance of U.U•4
bilmces per side between the punches and die. Notice that the core rod
luis been incorporated into the top punch; atis was done to facilitate
ejection.

SCeven Lriat torgings were performed using preforia preheat temperatures
fro•m 1nUUUF to 22UUOF k962oC to 12U4oc). 'lhe density of these
prefonris was 86 percent of theoretical, which was greater than the
dLesie.n (density ot 8U percent. 't1e top preform in Figure 5-24 was used
for thiese trials, with the weightt reduced to'l.4 inches to assure that
the die cavity would niot be overfilled. The die and punches were
iwaLed Lo JLWOF k2buJC) for these trials. Results are tabulated in

Table 5-8. Figure 5-26 shows the forged gears. Ejection proved to be
a prouleut, as indicated by the cowments in Table 5-8. Manual ejection
me•as that the forging cooled in the die until it could be manually
extracted. this was possible since the core rod was part of the top
puinch and thuis was pulled out of the gear as the crank returned to its
upper position and thermal contraction of the gear resulted in sufficient
slr•nkage to separate it from the die wall.

'thle tor6gji loads reported in Table 5-b are IUtJO tons k8.96 MN) for
the range of preheat temperatures examined. Die fill was complete in
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'tA1•$L 5-6. Gear Data for AGT 1500 No. b Accessory Gear*

Nw"er of Teeth .................. 61

Type oL Fillet .................. 'uill

Diinetral Pitch, Rolling ............. 14.0(X)

t'ressure nlge, RoiLing .............. 2U. Uot deg.

Outside Diameter ......... .................. 4.495 in.

ILtcII L)imeiter, Rolling ......... .............. .. 4.3171 in.

Base Circle Diameter ...... ................ .4.0944 in.

Form I)iakeLert, max . ...... ................ .. 4.2393 in.

RLot Dimaeter ........ ................... .. 4.15 in

Circular Tooth 'thickness ..... ............... U.1057/u.1067 in.

Rout Fillet Radius, Miji ........ .............. 0.030 in.

Backlash with Mating Gear ........ ............. U.00b/U.014 in.

At Center Distance ...... ................. .. 5.9633/5.9353 in.

Dia.eter oL easuring Wires ..... ......... . . . U.144 in.

Measurenin,,t Over Wires ..... ............... .. 4.5882/4.5954 in.

Niuiticr ol Teetki in H4ating Gear ....... ......... 63, 106

Part No. of Mating Gears ..... .............. .. 3-060-079-01
3-080-078-01
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Figure 5-24. Schematic of Possible Preform Shapes (80% Density) and
Forged Shapes for P/M Forging of No. 6 Accessory Gear
in AGT 1500 Turbine.
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all cases except in the trial at 1O)OF 062oC). Flash iormed on
tLXLI lower and upper Laces at the punch/die gap. The trial at 180OOF
(962oC) produced the best surface finish.

Measureaents of these gears, as shown in Table 5-9, revealed two
problews. First, the bottom diameter measurements, made over pins,
exceeded the top diameter over-pin measurement values by 0.01 inches
(U..25 am) . Second, a thickness taper of the same magnitude was
present. It is believed that the first problem caused the ejection
problems. The reason tor this locking type taper was proposed to be
tlh die heating wethod. As shown in Figure 5-27, torch heating of the
accessory gear tooling may have heated the bottom punch and lower part
of the ring die to a greater temperature than the upper part of the
ritg die since che flame was trapped in the core rod cavity of the
bottom punch. Use of a lower core rod would not have solved this
problem as the core rod would deflect and spread the flame. Based on
the thermal ex p ansionI coefficient of h-13 tool steel (6.6xi0-b inch
per inch per fahrenheit), a 0.01 inch (0.25 rmm) taper could be
produced by a top-to-bottom temperature difference of 335OF kl70OC).
This would not only make the part lock in the ring die, but the bottom
punch would also lock and resist upward motion. Subsequently, a
pancake piece was used to deflect the torch flame for even tool
heLtig. Wtiile the ejection problem ended,the part taper was not
e Limninated.

A probl•n concerning response to heat treatment and carbon control
unexpectedly arose during this phase of the program. Attempts to
hIaLden 4V4U gears resulted in extremely soft gears. Metallographic
examuination showed excessive decarburization. Gears of 4660
coqPosLtion were lorge, and these also had decarburization and
corresponding low hardness. The decarburization could be remedied by
carburization. 'lThe likely explaination was attributed to a small
water leak in the jacket of the cooling chamber. The decarburization
was muost likely caused by high moisture content in the furnace.
Because hardiiess is related directly to gear performance, this problem
oL carlbon control was a major concern.

5.2.2. Forging of Accessory Gears. Forging of accessory gears for
delivery Lo TACOM for testing and inspection was performed using a
pretorin preheat of 2ZUOOF (12U40C), a die temperature of 450OF to
5"00F k/23oC to ZbWOC), Deltaforge 33 as the die lubricant and
preforn coating, and a transfer time of four to five seconds. With
the pancake cover present during torch heating, a top-to-bottom taper
of the forged gear was still present, although no ejection problems
were encountered. A set of 12 gears of 4640 composition were
produced. IThse are pictured in Figure 5-28, and dimensional data are
cuntaialed in Table 5-9.

'11ke dhiiensional data verLiy the presence of tapers on the diameter and
tLI thickness. Also, the measurements over the pins fall below the
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TiAiLE 5-Y. Die Cavity Dimeiisions to Fbrge ACT 15Ou
Nu. o Accessory Gear

Nuiber of Teeth. . . . . . .61

D)iamitral Pitch .14

GirCiCilar Pitch . . . . . . ............ 228 in.

hCLUUIir TUOLh 'fuIcknsS ..........

Pressure A•,c ... 20. 0

Pitch Diaweter. ................ 4.377 in.

'Ltjor biameLL!r. . . .... .................... 4. ý5 in.

Minor Dimaeter ....... ................... . 4.16U in.

Rtuot iillet Wldius .......... ................. G.u30 ill.
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Thh~i.~f'ur~i,ii, Trials Lur AU'i býUu iý". U Accessury Wear,

he tui w 1ciiupe-rattirc, FFrin
No). WetghtL A.,) Iruforui Die Waud (t) Coiments

IYI 131.8.4 22W0 490 lulu - heavy flash
- slow ejeCUio

2 133Y.0 22uu 50U 1003 - manual cjectiol)

Zzuj 4510 1013 - Slow eJUCiOfll

1,1323.0 2200 460 916 - manual ejectioll

z2uu 5OU q'/ - h6Wnual ejection

13I33 iouo 50094 - manual ejectionl

I lVI40 WUu lOUu 971 - iiuiual ejection
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TABLE 5-9. Dimensional Data for Accessory Gear Trial Forgings*

Measurement Over Pins

Gear Bore
No.** Top Dia. Mid. Dia. Bot. Dia. Dia. Part Height

1 4.567 4.571 4.578 1.842- 0.968-
1.845 0.981

2 4.571 4.579 4.582 1.844- 0.964-
1.846 0.977

3 4.570 4.575 4.582 1.850- 0.970-
1.853 0.975

4 4.564 4.571 4.577 1.845- 0.958-
1.848 0.962

5 4.572 4.576 4.582 1.846- 0.964-
1.850 0.975

6 4.584 4.590 4.595 1.853- 0.954-
1.856 0.966

7 4.579 4.586 4.589 1.849- 0.965-
1.852 0.970

• Dimensions are in inches.
•* Gear No. is same as Preform No. in Table 5-8.
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specLLied values in Table 5-6. This, in itseli, is not a major
problem, as a change in forging variables can bring the forgings into
tolerance. llTe thkickness taper was found to be consistent from
part-to-part, being highest at a I0 o'clock position on the gear,
relative to tILe die, and lowest at a 4 o'clock position. There are a
few possible reasons for this taper,all of which suggest the need for
press or die set muodifications or adjustments. First, the bottom
pJuncIh, which seats indirectly on a taper plate, may not be
lprpendicular LO Lhe ring die walls. For this to be true, there would
be also problems in raising and lowering the bottom punch. This
possibility has soue m•rit because of the various ejection problems
encountered. However, the bottom punch under normal operating
conditions was not hindered during movement in the ring die. Other
possibilities include a taper on either the top ram or the bed of the
p>ress, a shift in the ram under load, off-center alignmexnt of the top
punch and the press bed, and deformation of the bolster plates
supporting either the top punch or the bottom punch. Of these
possibilities, the most likely candidate is a shift of the ram under
load. Thbis could be due to an ofi-center situation, either by the
piece being forged or by the punch alignment with the press bed, or by
play in the rainguides and bearings.

Wecause of unexpectedly lower hardness (RA 45-47) observed in the
Lepresentative 4b40 powder forged gear, surface decarburization was
suspected. The core hardness of a forged P/M 4640 gear in the fully
hardened condition ki.e., austenitized at 1500OF kdl1oc) for one
hour, quenched in oil, and double tempered at 47JOF kZ4bOc) for two
hours) was In the Rc 20 range. The subsequent carbon analysis of this
gear indicated that only U. 126 percent carbon was present. therefore,
decarburization along with a lower than critical cooling rate
,ecessary tor full hardening appeared to result in lower hardness in
the powder forged 4640 gears. The decarburization appeared most
likely to be caused by a high mhoisture content in the furnace.

MAile the carbon content of a steel determines the maximum hardness in
th liully hardened conuition, the alloying elements establish the
crltical cooling rate for full hardening and, therefore, the section
tiWickness LIat can be hardened fully. For instance, for 4620 steels,
tLhe size of round that will through-harden in oil is 0.2 inch and the
critical cooling rate at IJUUOF is 3U5 0F/sec. 'lherefore, tne large
section size (i.e., I inch) of the 4640 powder forged gears may have
been partly responsible for slowing cown the reaction rates and
t[niing other structures (ferrite, pearlite, and upper bainite)than
t • u tilly hard structure kmartensite). A water-quenching experiuent
sLowed that the core hardness of a 4640 forged gear could be raised to
Kc 4Z. fkowever, there is the distinct danger of distorting or even
cracking the gears if they are quenched drastically enough to harden
compleutely.
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A t-w batch of quench oil kBedcon K-9) was procured for tihe subsequent
oil quenching operation. To replace gears which suffered from the
loss ot tAe carbon content during preheating to the forging
teiperature, five additional gears of a 4660 composition were
produced. After a full hardening treatment*, core hardness of a 4660
forged gear was Rc 50. The analyzed carbon content was 0.6 percent.

Because of difficulties experienced in controlling the carbon content
and the subsequent hardness, modified hardening procedures were
establishea to maximize the information on responses to various heat
treating conditions.

ILiy are described as tollows:

A. fardening Procedure of AGT 1500 No. 6 Gears

( Nos. I through 19 are 4640 gears)
(Nos. 21 through 24 are 4660 gears)

A.I. Gear Nos. 1, 5, 10, 15, 19.

A.1.a. : Normalize by heatineg to Io*OOF, holding at heat for I
hour and cooling in air to room temperature.

A.I. b.: H-arden by heating to 1550OF, holding at heat for I hour
and quenching in oil.

A.I.c.: Double temaper by heatin& to 4750F, holding at heat for 2
hours, cooling in air to room temperature, reheating to
4750F, holding at heat for 2 hours and cooling in air.

A.1.d.: Pack carburize at 17W{OF for 12 hours using charcoal
provided and cool to room temperature.

A.Z. Gear Nos. 2, b, 12, lb, 22.

A.2.a. Same as A.l.a.
A.2.b. Harden oy teating to 15500F, holding at heat for 1 hour,

and quenching in water.
A.2.c. Same as A.l.c.
A.2.d. Same as A.l.d.

1. Nourmalize at 1b50OF (899oC) for I hour.
2. Austenitize at 1500oF1 610oC) for 1 hour.
3. quench in oil.
4. Double temper at 4750F (2460C) for 2 hours.
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A.3. Gear Nos. 3, 6, 13, 17, 23.

A.3.a.: Same as A.l.b.
A.3.b.: Same as A.l.c.

A.4. wear Nus. 4, 9), 14, 16, Z4.

A.4.a.: Same as A.2.b.
A.4.b.: Saie as A.l.c.

01 the ZU gears, three gears were given a through-hardening
treatment and teeth were shaved at Midwest Gear Corporation,
'Wilhksburg, •bio, to meet the hardness kRc 34-37) and dimensional
requireAmnts per drawing 3-080-076-01. The shaved gears should be
appropriate [or rig or engine testing. 'We above-described hardening
procedure had been discussed and agreed upon with the TACL.H
rvspoinible engineer. All 20 gears were subsequently delivered to
'iACAi Lor inspection and testing.

!).3. MZ Gear ol!ilse 111)

'Th W personnel carrier manufactured by OvMC Corporation contains many
gears that potentially can be made at reduced costs by P/M forging. A
r[LLg Gear, sbuLin in Figure J-29, was selected the the final phase of
this program. Tooth data for this power take-off gear are contained
in Twale J-lW. P/M forging oi ring shapes has been found to be an
economical alternative to conventional forging and machining from
eLither bar or tube stock. '*fherefore, this particular gear selection
was justified (n economic considerations alone. From a technical
standpoint, twe gear presentea a challenge because of the thi wall
antd the size of the gear teeth. The preform for such a shape must be
tall and thin, which causes handling and chilling problems, as well as
tlh expected workability problems of a porous preform.

!.'.1. Die Design. Die design for the M2 gear was performed using
GADAM and the equations discussed in Appendix B. Coordinate data in
the fort of NC tapes for the die cavity were determined by this
approach, wnd these were used to machine the die cavity and punches
by wire UlkI. lhe die cavity form data are given in Table J-l. Figure
5-30 sows tLhe die cavity profile constructed by CADAM. This is the
trace the electrode ioluows during wire EUkI.

'1Ih die nest with M2 tooling in place is depicted in Figure 5-31; the
tools are shown in Fi6ure 2-j2. As with the accessory gear, the core
rod is a part of the top punch in order to minimize core rod-forging-
c(tact time aid to aid ejection. The tools were designed to operate
aL 4YJ0 F (Z3ZoC) to ainizaize die ctLill in this t[hin wall part.
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5.3.Z. Preform Design. Preform design for this gear faced two
potential problem areas. First, the tooth length roughly equals the
wall thickness of the part. This means that the lateral flow needed
to till the tooth is substantial in comparison to the overall iateral
flow. Cracking on tooth tips is highly likely for such cases.
Fortunately, the tooth thickness is fairly large, which helps to
minimnize diamnetral tensile strains. Second, this part has a high
surtace area-to-volume ratio, which indicates that chilling of the
pretorm must be considered. Not only does this chilling promote
residual porosity along die-contacted surfaces, but gross chilling in
thin wall parts reduces their workability and leads to cracking. With
Li se coustraints in mind, two preform geometries were determined.
"1",se were basically two thin wall rings with similar volumes but
ditiercnt diAmnsions. Using software for axisymaaetric shapes, the two
geometries were determined to be as follows:

1Pretorm I: 32. incties D x 2.87b inches ID x U.614 inches ftign.

Pretorm 2: 3.393 inches OD x2.875 inches ID x I inches high.

Approxihately ZU preforms ot each type were produced from thicK walled
tubes produced by CIP.

.5.3. Forging 'irials. Forging trials were conducted for this gear
to examine the effect of preform temperature on forging response for
tUiin wall shapes. The tooling was heated to 450oF (Z320C) while the
preforns were heated to 210UOF k1lbUOC), 22uUOF k12040C) or 23U00OF

IZt6UUC). '1te prelorms were machined from green CIP thick walled
tubes of 4040 and 4660 compositions. Preheating served as the
sintering step. Prior to preneating, the green preforms were sprayed
wit•h Deltaforge 33. This lubricant was also applied to the dies prior
LO forgilg.

Using a fiber optics probe, the temperature of the preforms was
monitored during transfer from the furnace to the tooling. A drop of
300OF (IbUOC) occurred for each of the preheat temperatures, so the
actual. pretorn temaperatures as they entered the forge die were 18U0 OF
(962OC) to 2000OF (I093oC). Upon ejection, the gear teeth were
already black, indicating that considerable chilling had occurred.

Cracking at tooth tips and die till were in evidence for these
forgings. Cracking and die fill were most prominent for a preheat
temtperature of Z1UOOF (i15UoC). At tiLe iigh preheat temperature,
oxidation degraded the surface finish. For these foreings, Z2U0oF
(12U4oC) seemed to be a lower limit for preheat temperature and 2300OF
(iZ6 0°C) was an upper limit. A trial at a preheat temperature of
24UOOF .•13l5oC) caused the 4a60 steel preform to sag. Because of
chiiling and poor surface finish, oversize teeth were forged to allow
Linish 6rinding.
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*•iAB. !- -iu. Gear Data for m2 Pinion Gear

L'XIEMtAL INVUIUJE SPUR GEAR DATA:

scatidard Center Distance

Nutiier ol Teeth ............ . . ... . 31

Diametral Pitch . . . . . ............... 8

Pressure Angie ............... ..................... 200

Mimor (Root) Dianeter ................. 3.5548/3.5065

Measurette~t Over Two .21b Diameter Wires ........ 4.1690/4.1616
(Optioatl Measurement of ARC Tooth Thickness)
RLuIouL Tolerance Over .216 Diameter Wire to -B- .w12 FIM

l1routlte 'ibPerance. ............................. See Chart

"- ad 'Tolerance Across Face Width . ...... ............. UOU5

Pitch kTooth to Tooth Spacing) Tolerance ............. 0007

GUiAK tFYh'WE;LC DXA:

Itlie tLOeuetuer .............. ..................... J.6413059

£xiwitt kole Deptt ............ ................... .2938

Di6iigne to Mate with Part tukber .............. .. 12276864

Operating Center Distance ..... ............... ... 6.8125

UOpeating Pitch Distaace. ... .................. 6.. 750

Oter•t•Lng Pressure Angie. ........ ................ 2UO
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Hq(ilre 5-30. Profile of Die Cavity Drawn by CADAM for M-2 Gear Forging Die.
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TidbLE 5-11. Die Cavity Data Used by CAL•&' to Uenerate
ýC; Tapes ior Airc Wli

iajor Uiamieter ....... . ............... 4.1941 in.

iiLlor (Kookt) Lidiak-Ler. .... ............... ..................... 3.6012 in.

Pitll c0i Diktew..r ............ ........................ .. 3.9491 in.

C itcuarl TooLt TlliclkAIss... ....... ................... 0..ZU01 iiI.

.lL i . ................. . ........................ . 3.7169 in.

iRixjL CVuLvtIuL. . . . ................... . U.uU in.

V'L Lcs•j: r Ii U ltý' IU . . . . . . . . . . . . . . . . . . . . . . . . Zu()

iUI'ilt•.r," 0 f TeeLh. ..... .... . . . . . . . . . . . . . . .. ii

I)i~ucLii Vitc........................ ..........



Figure 5-32. Forging Tool ing Components for M-2 Pinion Gears.



A set of 26 gears was forged using preheat temperatures of 2100, 2200,
mid 23JO0OF. The I representative gears are shown in Figure J-33.
M2 gear gorging data are given in Table 5-12. Modified hardening
procedures established for the ACT 1500 gears were applied to the M2
gears and are given below.

B. Hardening Procedure for M2 Gears

BA. Gear Nos. 2, 3, 5, 11, 23, 26, 31

i•.1.a: Normalize by heating to 165OOF, holding at heat for one
hour and cooling in air to room temperature.

W. I.b: Harden by heating to 155iOF, holding at heat for one
hour, mad quenching in oil.

B.i.c: Double temper by neating to 475OF, holding at heat for
two hours, cooling in air to room temperature, reheating to 47JOF,
holding, at heat for two hours and cooling in air.

B.I.d: Pack carburize at '170OF for 12 hours, using charcoal
provided and cool to room temperature.

B.2 Gear Hos. 4, u, 7, 12, 24, 27, 32.

B.2.a: Same as A.l.a.
B.2.b: Harden by heating to lb50OF, holding at heat for one

hour, and quenching in water.
B.2.c: Same as A.L.c.
B.2.d: Same as A.l.d.

B.3 Gear INs. 9, 13, 16, 21, Z5, 26, s3.

B.3.a: Same as A.I.b.
B.3.b: Same as A.I.c.

B.4. Gear Nos. i0, 14, 22, 29, 30.

B.4.a: Same as A.2.b.
B.4.b: S•ae as A.1.c.

OL the 26 gears, thiree gears were chosen and were carburized and
ground to meet tUe hardness and dimensional specification is required
i5,r 6b20H steels. Gear 6rhiding was carried out by Midwest Gear
Corporation, witinsburg, Ohio. The 20 best heat-treated gears,
hicluding the three which were carburized and ground, were delivered
to TALXJM for inspection and testing.
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5.3.4 Discussion of Forging Results. The iorging trials carried out
for these three different gear geometries served to illustrate and
emphasize many critical points about P/M forging. As a recision
forging process, control of the process was found to be extremely
im-portant from the standpoints of dimensional accuracy and part
quality. Every step of the process should be closely monitored.

Pre-orm shape, density, density distribution, and weight nmust be
controlled during compaction and sintering. Light preforms produce
Luxersize parts, heavy performs produce oversize parts and can damage
tke tools, and preforms with improper mass distribution result in
detective and out-of-tolerance parts.

SLntering could be combined with preheating for energy conservation.
TiAe at temperature was found to be important for avoiding
workability problems. For a preheat temperature of 2200OF
(iZJ4oC), 30 minutes was for heating green preforms.

'1he preform temperature and die temperature affect the final part size
and can be used to adjust as-forged dimensions. Higher preform
temperatures and lower die temperatures produce smaller parts than
the opposite conditions. A preform temperature of 2200OF (12040C) and
die temperatures of 350o to 550OF k1750 to 2900C) were shown to be
optbaal for these parts.

Forging tite cycle time is important and should be consistent. A time
of four seconds proved to be repeatable for manual transfer from the
turnace to the die cavity, and it was fast enough to avoid oxidation
of the preforma.

ComLercially available 46UU steel powder, produced oy water
atomization and blended with graphite, was found to be acceptable for
ttiUe itgh-perionaance applications. Gears of 4620, 4640 and 46b0
composition were forged from sintered preforms. NASA testing showed
thuat carburized gears with forged-plus-grouned teeth were capable of
operating under conditions of high Hertzian loading without tooth
breakage.

Die design and manufacturing using CAD/CAM techniques was necessary
for this precisioin forging operation. Wire ED1M proved to be an
effective method of cutting both the die cavity and punch profile.
Wien possible, the core rod for forging bores should be incorporated
into the tope punch. This eases ejection of the forged part from the
die cavity.

Lastly, the P/M torging process was deuonstratea to be flexible and
capable of producing precision parts of high quality. The three gear
shapes produced in this program represent different levels of
complexity and P/M was capable of producing all three gears. The use
of this process for tlhe production of military hardware should be
implemented where cost reduction can be forecast.
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The original approach to this project included application of the CAD
pro6rwa for preform design developed at the Universitr of Pittsburgh
to gear forging. The proeram was translated to TRW s IL4 computer
system irom the University s DEC 10 system. This software consists
of three major sections. First, a geometric description module
allows shapes to be described in !a manner that is suitable for
subsequent calculations. Second, a part is sectioned into regions of
different types of metal flow. Then a preform design is determined.
'this program is interactive, with the user suggesting designs and
mudifications, and the computer deciding whether or not the design is
feasible based on a set of rules contained in a database for that
particular combination of material and working conditions.

"Dih geometric description module was modified to allow axisymmetric
shapes to be described. From the part description, volume and cross
sectional area calculations could be made. For example, the cross
sectional area is determined by approximating the contour as a closed
polygon. A part drawing can be reduced to dimensional data for this
description oy use of a digitizer. Then, the area is given by:

A =1 * N2YI-NIY2 + N3YZ-N2Y3 +...+ NnYn-l-Nn-lYn + NlYnn•YIl

eq. (Al)

wteire j\, N2,.., Nn and YI, Y2,.. , Yn are coordinates of
consecutive corners of the polygon with respsect to a cartesian
coordiiate system. Volume cati be found by rotating this area about an
axis of symnetry. The program is written in Fortran IV, and is
usetul for determinin6 areas and volumes of complex axisymmetric
shapes. This category includes preform shapes for most gears.
h1owever), it is iut developed to the point of calculating volumes for
parts with internal or external (projections, such as gears or
splinles,-

It became apparent at this point LImit CAD preforms for gear forging
was beyond the scope of this program. A database of gear shapes with
faetal flow descriptions would have to be generated to make this
software useful. This in itself was a great task. Therefore, the
application of CAD to this program shifted from complete preform
design to the application of existing CAD packages where possible to
aid in design calculations. CAA was found to be very useful in this
type of approach. CADAM could not be used to design a preform by
itself. After all, CADAHI is nothing more than a computerized drafting
package with some engineering calculation potential. Nevertheless,
the calculation power of CAULW was extremely useful for die
diaensioning and area and volume calculations. Such packages could be
used hiteractively to effectively determine a preform design. User
input was the sole design criterion, but CADAM made fast work of
laborious voluae and mass distribution calculations.
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Die dimensions are calculated on the bases of thermal and mechanical.
considerations. 4For many parts, it is adequate to merely consider
only thermal expansion factors because any mechanical factors are
sufficiently small that final dimensions are not affected. For these
gears, both approaches to tooling dimensioning were used. the NASA
test gear tooling was dimensioned strictly on thermal considerations,
while the tooling for the larger diameter AGT 1500 accessory gears and
twe M2 gear were designed using both thermal and mechanical
considerations. These approaches are detailed below.

B.l Thermal Considerations for Tooling Dimensioning

Th1e equation used to calculate room temperature die cavity dimensions
for [urging a part of a 6iven size is:

DD X il+ DX c Th) - pp X kl+ Pp X Q Tp) eq. (Bl)

where D and P refer to die and part values for diameter, thermal
expansion coefficient and temperature difference from ambient to
operating temperature. This equation is based on the die cavity
dia.meer being equal to the part diameter at the forging conditions.
Therefore, the temperature of the die and the temperature of the part
just prior to ejection miust be determined. These values can be
substituted in the equation, along with the room temperature part
diameter, to calculate the room temperature diameter of the die.
Conversely, if the die diameter is known, the size of the part that
may be forged in the die can be calculated.

B.2 thermal and Mechanical Considerations for Tooling Dimensioning

A more accurate determination of room temperature tooling dimensions
takes into account mechanical compliances between the part being
forged and the tooling. Consider the case for forging a solid
cylinder. Figure B-I shows the dimensional changes that both the die
and the part see during the process. Mathematically, these are
represented by:

DD + 4kdl + OdZ-ud3 = Up + Val - (a2 eq. kB2)

where the terms are defined in Figure B-I. The terms with subscript 1
Iae thermal terms as determined in the previous section. The terms
with subscript 2 and 3 are mechanical terms.

Oai = Dp X p X vl'p eq. kf33)

[he part diameter at the ejection temperature would therefore be:
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'Ae- elastic expansion of thie part upon ejection from the

die is calculated by:.

p- X (P/Ep) X (I- p) eq. kB4)

where P is the pressure applied to the part by the die prior to
ejection) Ep is the elastic modulus of the part at the ejection
temperature ard is the Poisson ratio of the part. A first
approximation of P i the yield strength of the part at the ejection
temuperature.

-" he Lierwal expension of the die cavity from room

temperature to the die preheat temperature is given by:

"Vdl- DDX LIX'•It eq. k1B5)

1herefore, tie inner diameter of the die at the preheat temperature
equals:

DD= DDX l± D1) A ID

"ýdZ - Thie die cavity expansion due to forging load is calculated
by:

LJ) P.D0 .
Ej2 DDD. -Fp + D eq. (B6)

where P is tie toreing pressure, ED is tme elastic modulus of whe die
material, 'DO is the outer diamter of the ring die, D is the part
diaiueter, Pnd D is the Poisson ratio of the die materfal..

rd3 - 'lhe elastic contraction of the ring die as the forging
load is released is calculated by:

3 - (D+d + 2). YP. D OD2 + (DD + *d2)2 +

15 AjDZu - WD + Od2)i

where Yp is tLhe yield strengtl of the part the other terus are as
dett•ited previously.
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These equations rely on accurate data for the forging process and for
the necessary mechanical and physical properties of the materials
involved. Be aware that the property values are for forging
temperatures, not room temperature. The influence of these various
variables on linal dimensions is shown in figures B-2 through B-8.
From these figures, it is clear that thermal expansion terms of the
workpiece anc die material have the greatest affect on final
dhtmitsions. Tlhus, the values of the expansion coefficients are
criLical co rtmi accuracy ot the predicted dimensions as are the
temperatures involved. Of the mechanical properties, the elastic
ixlutus of tue die has a higii slope as shown in Figure B-8, which is
indicative of a strong effect on final dimensions. Of equal
itortance are ttme variables wtich are not discussed. Transfer time
from the furnace to the die has a major effect on ejection
temperature, as well as part quality through control of internal
oxidation. Time in the die cavity is also important for the same
reasons. This model is still a simple approximation of a complex
process. The future will see improvements in such models by adapting
accurate heat transfer analysis and stress analysis using finite
modeling to this problem.
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" DD

Adl
Changes in Die Cavity

Diameter During the

Forging Process

= &.d 3

a2 Changes in Part Diameter

During the Forging Process

D p

DD room temperature diameter of die cavity

&dl= increase in die cavity diameter due to thermal expansion

Ad2. elastic expansion of die cavity under forging pressure

Ad 3melastic contraction of die cavity upon release of forging

pressure

Dp - desired diameter of part

Aal- thermal contraction from ejection temperature to room

temperature

412= elastic expansion of part upon ejection from die

Figure B-i. Dimensional Changes of the Die and the Part that Occur

During the P/M Forging Process.
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1.004 P -7,5x10- 6 inainl°F

6D -6.5x10-6 in/in/!F

Ep -16.5x10
6 psi

ED -26.1xiO6 psi

1.003 Vp -0.27

S= -0.33

P -100,000 psi

TD =500°F

S1.002
1

S1.001

1.000

0.999

0.9980" 9 1 I IIIII-

1000 1100 1200 1300 1400 1500 1600 1700

EJECTION TEMPERATURE, OF

Figure B-2. Effect of Part Ejection Temperature on the Die Cavity

Diameter Needed to Forge a Solid Cylinder of 1.000 inch

in Diameter.

B-7



1.00I I
1.004

1. 003 -

1.002-

1.001- 7.5x10 6 in/in/0,

4D - 6.5x10- 6 in/jIi'°F

Ep - 16.5x10 6 psi

ED - 26.1x10 6 psi
A 1. 00 --

V p - 0.27

-ý 0.33

P - 100,000 psi

0.99. TEject - 1400 OF

0.99I

200 300 400 500 600 700 800

DIE TEIPERATURE, OF

Figure B-3. Effect of Die Temperature on the Die Cavity Diameter

Needed to Forge a Solid Cylinder of 1.000 inch in Diameter.
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I I I I

1.002

{6

1.00 - 6.5xl10 6 in/in/OF

Ep - 16.5x106 psi

ED - 26.lx10O6 psi

1.00 V - 0.27
1.00 0.33

TD - 500OF

Eject 114000 F

0.99

O.gq

60 70 80 90 100 110 X103

FORGING PRESSURE, psi

Figure B-4i. Effect of Forging Pressure on the Die Cavity Diameter

Needed to Forge a Solid Cylinder of 1.000 inch in Diameter.
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1.004

1.003

1.002

""1.00- 7.5x12-6 in/in/OF

-- 6.5x10" 6 in/in/OF

Ep - 16.5xi06 psi

ED - 26.1xi0 6 psi

VP 1.0 o.27
- 0.33

P - 100,000 psi

TD - 500OF

0.99C TEJect 1400OF

0.994 . I 1 1
1 5 10 15 20 25 X10 3

PART YIELD STRENGTH, psi

Figure 8-5. Effect of the Part Yield Strength on the Die Cavity Diameter

Needed to Forge a Solid Cylinder of 1.000 inch in Diameter.
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1.004 -OPart Ejection

.,' at

1.003 04ý 16000 F

0(Die

/01
0) 1.002

• 1.001 0( PartH S~Ejection

at

w 1.000 D2 00 OF
'- 4

0.999

0. 98I I I I, I ,"
0.998 6.0 6.5 7.0 7.5 8.0 8.5. X10-6

COEFFICIENT OF THERMAL EXPANSION, in/in/°F

Figure B-6. Effect of Thermal Expansion Coefficients of the Part and Die

on the Die Cavity Diameter Needed to Forge a Solid Cylinder of

1.000 inch In Diameter. Modulus, Poisson Ratio, Forging Pressure

and Die Temperature are the Same as Figure B-5.
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1.00/4 -

VPart

1.003-

p 7.5xI0-6 in/ in/F
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Figure B-7 Effect of Poisson, Ratio of the Die and the Part on the Die q.vity

Diameter Needed to Forge a Solid Cylinder of 1.000 inch in -Diameter.
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Figure B-8. Effect of Elastic Modulus of the Die and the Part on the

Die Cavity Diameter Needed to Forge a Solid Cylinder of

1.000 inch in Diameter.
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The production quotas for the AGT 1500 No. 6 gear and the M2 power
take-off 6ear are 1,000 gears of each type per year. For P/M forging,
all 1,000 gears should be produced in one run. Typical production
runs for P/m forgings are 25,000 parts or more for economical
advantage of the process. For parts such as these, which place a
preaiuiu ol quality and reliability, lower volumes can be produced
economically. Because of the ability to automate the process, the
tiime and cost of tooling setup, the production runs should be as

4 large as possible. Using a computer program developed by Deformation
"Control Techology, cost projections are presented below for high
quality powder forged gears. Grinding is included as a finishing
step. For comparison, the cost to TAC(Ik for the M2 gear in lots of
1,000 is 435 per gear by conventinal manufacturing.

For a completely autoumated P/M forging line, a cost of less than M9.5U
is projected in Table C-I. This figure assumes that thie equipment
purchasea for P/M forging is depreciated at a daily rate for the time
tLat is it used for forging of this gear. All other necessary
equipwent, such as grinding equipment, is in-house and is not included
in this equipment cost. No building or office costs are included in
this figure.

From the production standpoint, labor and overhead are charged for
each operation. Inspection nas been included in the overhead rate for
tLhe production steps. For this automated line, a production rate of
six pieces per minute was used. ThILs value is slightly conservative
for an automated line, but it allows for production disturbances and
muitor delays.

'f14' sI-lwiry |tortion of thie output shows that finishing costs dominate
thie uit part cost, followed by tooling costs, overhead costs, and
Iticeriai costs. Finishing includes heat treat and grinding, with
grindin6 being the major cost. An automated grinding setup is assumed
Lor accurate and fast fixturing for grinding, or else grinding costs
would be prohibitive. Tooling is high in this case because two sets of
tooling are required, and a life of 3,000 forgings was assigned to the
forgiqg tooling. Due to the low production quantity, it was
projected that thIe tooling would degrade while on the shelf, and that
it would need to be replaced every three years for reasons other than
die wear. Overhead is tigh because it includes inspection and
Uawnagement costs.
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A sensiLiviLy uailysis is inciuded wnich shows the effect of varying
assuied costs by I0 per cent to 100 per cent greater than baseline
value. 1he unit cost is iut siniticantliy changed for any single
value variation, and it ýremains well below thee 435 figure for
CkVeLkLtionial production ktwich includes profit while the projected
unLt cost does not). If all values varied at the same time, the
paroJjected unit cost would be Z14,7, whlich is still below the current
price, even with a 50 per cent profit added. Clearly for an
autonuiaed P/M forging line, the M2 gear can be produced by P/M forging
at a cost reduction fron current methods.

I'or a manual setup, such as the RUD facility at IRW-141U, P/M forging
is not economical, as shown in Table C-2. This setup entails manual
turnace loading, unloading, and forging. Production rates would drop
sigfificantly, down to one foring every 20 minutes. Finishing costs
L.or n"tiproduction equipment would also rise dramatically. A projected
cost for a laboratory-type facility is $139,125 per gear. Sensitivity
atalysis shows Mhat this cost could te. significantly higher.
Coiparison of Tables C-i and C-2 shows that production must involve
automated handling for P/M forging to be economical.
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TABLE C-1. Production Costs for Powder Forging of

M-2 Power Take-Off Gear. (I): Automated Production

Summary of Input Data

Annual Interest Rate = 15%
Weeks worked per year: 48 Days worked per week: 5
Yearly production of 1,000 parts
will be produced in runs of 1,000 parts
with a rejection rate of 5%.

Production Times and Labor Costs No.

OPERATION Rate.pcs./min. Men Labor Charge/Year

Compaction 6 1 $26.250
Sintering 6 1 $26.250
Forging 6 2 $55.417
Inspection 1 $ 0.000
Set-Up Compaction 1 $76.000
Set-Up Forging 1 $76.000

Total Labor Cost per Yearly Production = $259.917

Overhead Burden for Production Operations

OPERATION BURDEN %

Compaction 450 $118.125
Sintering 400 $105.000
Forging 450 $249.375
Inspection 0 $ 0.000
Set-Up Compaction 450 $342.000
Set-Up Forging 450 $342.000

Total Overhead Cost per Year = $1,156.500
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TABLE C-I. Production Costs for Powder Forging of M-2 Power
Take-Off Gear. (I): Automated Production. (Continued)

Cost of Non-Machinery Items

Building Cost is 0 and life is 1 year.
Office Cost is 0 and life is I year.

Total Facilities Cost per Lot $0.000

Cost of Machinery

MACHINE COST LIFE (yrs.)

Compaction Press $350,000 15
Sintering Furnace $125,000 12
Forging Press $650,000 15

Total Machinery Cost per year $125.381

Tooling Re___uirements and Cost

Tool Item Cost Life (pcs.)

Compaction Die Set $7,500 100,000
Forging Die Set $7,500 3,000

Total Tooling Cost per Lot = $2,703.750

Raw Material Requirements and Cost

Raw Material Wt. per Part Cost per Lb. Cost per Part

Preblended 4600 Powder .66 .49 .3234

Total Raw Materials Cost per Lot = $339.570

Finishing Costs per 100. Parts

OPERATION LABOR COST BURDEN

Normalizing 2 6
Carburize/Temper 3 10.2
Ream Bore 20 50
Grind Teeth 100 300
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DýBLE C-1. (Contintied)
SUItkIY OF PRODUCiMON COSTS PkL PIAR

Total NuIlber of Parts = 1,UO0 in lots of 1,00U parts.
[*L-iN•cthitio-y W.J;L por Part - U.UUU

&achinery Cost per Part = U. 125
Ra'w m terials Cost per Part = U..Y40

Tooling Cost per part = 2.7U4
lInSIpcCion CoSt per part = U..uu

lAbur Cost per part = 0.108
Set:-Ijp Costs per part = U.152
Overhead Costs per part = 1.157
,inlisiillg Costs per purLt = 4.91z
Cost ol Purchased Parts = 0.000

TL-uLctioVn CoWs per Part = 9.497

Tlue table below is a comipilation of production costs on a per part
basis Lhat Simow, thI elftect of tie listed variable values on part
cost. Each of the eight listed variables has fad its value varied
irom )0j. lower to 10o/. nijier tLhn its baseline value. h1iie change in
uW~it cost is sliown in each columa ior thie particular variable. For
each coluwn, only Ill-A variable is cilanbed; all other variables are
held at baseline values.. hus, the individual effect of that variable
callesen

"IiMLL uF SLRT'l'iViI'Y O• hODUCTllU COST 10 VAMIABLL C-iGES

Variable Item
[hev.
I 'uIil k4i. / fejecL Run 'fuip. Tool Maw i'Na. Labor Overhead
Maso ' Year iRte Size Cost Cost Cost l(ate Rate

-50 9.497 9.425 9.9i5 9.434 6.145 9.327 9.367 8.919
-flu . 3.38 9.4146 9.497 g.i44I 6.41.6 9.361 9.393 9.035
-30 9.258 9.467 9.497 9.460 8.68U 9.395 9.419 9.150
-20 9.M64 9.4B9 9.497 9.472 6.9;o 9.4z9 9.445 9.260
-10 9.120 9.510 9.497 9.485 9.227 9.463 9.471 9.381

u 9.4L) vJ.Y 9 il 9.49,/ 9.497 9.497 9.497 9.497 9.497
10 9.421 9.553 9.079 9.510 9.767 9.531 9.523 9.613
2A 9. iJ •J 9.574] 9.019 9. 22 *10.036 9. J65 9.549 9.726
30 9. 3&f 9. 395 9.079 9.535 10.306 9.599 9.575 9.844
IM 1).2Vj 9.1o6 9.U/9 9. 54/y i.!/9I 9 .O3 9.o01 9.9bu
)U 9.21k 9.b30 9.079 9.560 I.849 9.b67 9.627 10.U75
bU v. I s/ 9.659 9,.o/ 9.5)2 1i.119 9.701 9.653 10.v19l
yo 9.153 9.680 9.079 9.585 11.390 9.735 9.679 10.307
6k) 9.126 9,702 9.079 9.59) li.oou 9. 7U9 9.705 i0.422
90 V.1ul 9.723 9.079 9.610 11.930 9.803 9.731 10.536
Iou 9.206 9 'I.7'4 9.u19 9.622 12.2ui 9.a37 9.75/ 10.654
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TABLE C-i. (Continued)

PRODUCTION TIMES

Compaction 0.365 days
Sintering 0.365 days
Forging 0.365 days

These times are for yearly production of 1000 parts.
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TABLE C-2. Production Costs for Powder Forging of M-2 Powder
Take-Off Gear. (II): Laboratory Production.

Summary of Input Data

Annual Interest Rate 15%
Weeks worked per year: 48 Days worked per week: 5
Yearly production of 1,000 parts
will be produced in runs of 1,000 parts
with a rejection rate of 5%.

Production Times and Labor Costs No.

OPERATION Rate. pcs./min. Men Labor Charge/Year

Compaction .1 1 $1,575.000
Sintering .1 1 $1,575.000
Forging .05 2 $6,650.000
Inspection 1 0 $0.000
Set-Up Compaction 1 $76.000
Set-Up Forging 2 $152.000

Total Labor Cost per Yearly Production : $10,028.000

Overhead Burden for Production Operations

OPERATION BURDEN %

Compaction 450 $ 7,087.500
Sintering 400 $ 6,300.000
Forging 450 $29,925.000
Inspection 0 $ 0.000
Set-Up Compaction 450 $ 342.000
Set-Up Forging 450 $ 684.000

Total Overhead Cost per year $44,338.500
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TABLE C-2. Production Costs for Powder Forging of M-2 Powder
Take-Off Gear. (II): Laboratory Production.
(Continued)

Cost of Non-Machinery Items

Building Cost is 0 and life is 1 year.
Office Cost is 0 and life is 1 year.

Total Facilities Cost per Lot = $0.000

Cost of Machinery

MACHINE COST LIFE (yrs.)

Compaction Press $350,000 15
Sintering Furnace $125,000 12
Forging Press $650,000 15

Total Machinery Cost per year $10,030.470

Toolin2_Requirements and Cost

Tool Item Cost Life (pcs.)

Compaction Die Set $7,500 100,000
Forging Die Set $7,500 3,000

Total Tooling Cost per Lot = $2,703.750

Raw Material Requirements and Cost

Raw Material Wt. per Part Cost per Lb. Cost per Part

Preblended 4600 Powder .66 .49 .3234

Total Raw Materials Cost per Lot = $339.570

Finisn Costs per 1 Parts

OPERATION LABOR COST BURDEN

Normalizing .45 2.03
Carburize/Temper 1 4.5
Ream Bore 1.58 7.125
Grind Teeth 10 45
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'IA8LE C-2 tContinued)
SWUMAAY OF PRObDWCiAUN COSTS PAKT

Total Nmiber of Parts = 1,000 in lots of 1,000 parts.
Nil-Liiciirery Cost per Part = U.00L0

Machinery Cost per Part = 10.030
Raw Haterials Cost per Part 0.340

Tooling Cost per part = 2.7A4
Inspection Cost per part = U. 00

Labor Cost per part = 9.800
Set-Up Costs per part = 0.220
Overhead Costs per part = 44.339
Finishing Costs per part = 71.685
Cost of Purchased Parts = U.00O

Production Cost per Part = 139.125

'1to table below is a cckfpilation of production costs on a per part
basis uLIa shows taie effect of the listed variable values on part
cost. Each of the eight listed variables has [iad its value varied
from WU'4 lower to IU0o higher tWan its baseline value. The changes in
unit cost is shown in each colum for the particular variable. For
eacl columi, only tUMt variable is chianged; all other variables are
held at baseline values. Thus, the individual effect of that variable
can be seen.

'fAOLE UF SU.SiTiVITY 0ý iAWWGACWi'i CWT TIY VARiABLE CHDqULS

Variable Item
Dev.

'rowm NO. / ikej ect LRWn Equip. Tool Raw Nat. Labor Overhead
Base Year Iate Size Cost Cost Cost Rate Rate

-50 139.125 137.575 139.752 134.110 137.773 138.956 134.111 116.956
-4u 1iý.91 J7.695 139.145 135.113 136.L)4 138.989 135.114 121.39U
-Ju 136.767 136.216 139.125 136.11 136.314 139.023 136.117 125.824
-2u !36.b55 13o.j3o 139.125 137.119 138.565 139.057 137.120 130.256
-lU 136.568 136.056 139.125 138.122 138.855 139.091 138.123 134.691

U 139.121 139.177 139.li5 139.125 139.125 139.125 139.125 139.125
10 139.011 139.497 136.49b 140.128 139.39b 139.159 140.128 143.559
2u 136.916 139.617 136.498 141.131 139.666 139.193 141.131 147.993
30 138.636 140.136 136.49o 142.134 139.936 139.227 142.134 152.427
4o 136.7u7 140.45b 138.498 143.137 14U.ZO7 i39.261 143.136 150.bo1
50 136.707 140.776 13b.498 144.141 140.477 139.295 139.139 161.295
uU iijd.05 141.U96 13.498 145.144 140.746 139.3zg 14,).14Z 165.7L6
7U 138.609 141.419 138.498 146.147 141.018 139.363 146.145 170.162
6u 136.5wo 141.7J9 13b.49o 147.150 141.266 139.397 147.148 174.59u
90 136.531 142.059 138.498 148.153 141.559 139.431 148.150 179.U30

lUU 136.,12 142.360 13.496 149.156 141.829 139.465 149.153 183.464
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TABLE C-2. (Continued)

PRODUCTION TIMES

Compaction 21.875 days

Sintering 21.875 days

Forging 43.750 days

These times are for yearly production of 1,000 parts.
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TABLE C-3. Production Costs for Powder Forging of AGT 1500
No. 6 Accessory Gear: (1) Automated Production.

Summary of Input Data

Annual Interest Rate - 15%
Weeks worked per year: 48 Days worked per week: 5
Yearly production of 1,000 parts
will be produced in runs of 1,000 parts
with a rejection rate of 5%.

Production Times and Labor Costs No.

OPERATION Rate. pcs./min. Men Labor Charge/Year

Compaction 6 1 $26.250
Sintering 6 1 $26.250
Forging 6 2 $52.500
Inspection 1 0 $ 0.000
Set-Up Compaction 1 $72.000
Set-Up Forging 1 $72.000

Total Labor Cost per Yearly Production = $249.000

Overhead Burden for Production Operations

OPERATION BURDEN %
Compaction 450 $118.125
Sintering 400 $105.000
Forging 450 $236.250
Inspection 0 $ 0.000
Set-Up Compaction 450 $324.000
Set-Up Forging 450 $324.000

Total Overhead Cost per Year = $1,107.375
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'TABLE C-3. Production Costs for Powder Forging of AGT 1500
No. 6 Accessory Gear: (I') Automated Production.
(Continued)

Cost of Non-Machinery Items

Building Cost is 0 and life is I year.

Office Cost is 0 and life is 1 year.

Total Facilities Cost per Lot = $0.000

Cost of Machinery

MACHINE COST LIFE (yrs.)

Compaction Press $350,000 15
Sintering Furnace $125,000 12
Forging Press $650,000 15

Total Machinery Cost per year = $125,381

Tooling Requirements and Cost

Tool Item Cost Life (pcs.)

Compaction Tooling $7,500 100,000
Forging Tooling $7,500 3,000

Total Tooling Cost per Lot - $2,703.750

Raw Material Requirements and Cost

Raw Material Wt. per Part Cost per Lb. Cost per Part

Preblended 4640

Steel Powder 3.15 .49 1.5435

Total Raw Materials Cost per Lot = $1,620.675

Finishing Costs per 1 Parts

OPERATION LABOR COST BURDEN

Normalize .1 .35
Harden .3 1.
Ream Bore .2 .5
Face Part 1. 4.
Grind Teeth 10. 40.

C-14



'DWL, G-3 -. Continued)
SU4.'.1AY 01' PXOIJUCTIOP COSTS PLK. PA.kI

"Total NIuber of Parts 1,000 in lots of 1,000 parts.
Kiu-Pwachin(!ry Cost per farL = u.UUU

Nmchiliery Cost per Part = 0.125
Raw tNaterials Cost per Part = 1.621

Tooling Cost per Part 2.704
SlInspCction Cost per Part 0.-00

Labor Cost per Part 0.105
Set-Up Costs per Part 0.144
Overhead Costs per Part = 1.107

SFinishinl, Costs per ParL = w7.45U
Cost of Purchased Parts - 0.000

Pioduction Cost per Part = 4b3. 56

The table below is a compilation of production costs on a per part
basis that snows thek effect of the listed variable values on part
cost. Each of the eight listed variables has had its values varied
trom 50U/ lower to 1OO% nliiter than its baseline value. Ihe change in
unit cost is shown in each column for the particular variable. For
each column, only that variable is changed; all other variables are
held at baseline values. Thus, the individual effect of that variable
call be Sqell.

TiubLE OF SU4Si'llViiY Ui PKUODUCT'lN CUSI 'iW VAi.IABLE ChA.GES

Variable Item
tWeV.
From 1ko. /1 Rej ect L un bquip. Tool Raw mat. Labor Overtiead
Base Year Rate Size Cost Cost Cost Rate Rate

-50 63.256 63.153 63.b52 63.193 61.904 62.446 63.132 b2.702
-4u 63.124 31.6oO 03.-56 63.zou U2.175 62.606 0w.157 UZ.613
-3u 63.030 63.207 63.256 63.219 62.445 62.770 63.161 62.924
-20 62.959 u0.234 W3.256 63.231 U2.715 62.932 63.206 63.035
-10 62.904 63.261 63.256 b3.244 62.986 63.094 63.231 63.145

U 6J.2Su 63.269 3.256 63.256 63.256 u3.256 63.25b 63.256
lu 63.184 63.31b 62. 86 63.269 63.527 63.418 63.281 63.367
2U 03.124 63.343 U2.860 o3.Z61 03.797 63.560 63.3U6 63.476
ji 03.073 u3.370 b2.b60 63.294 64.067 63,742 63.331 63.588
4u w4.uu 63.-W7 6z.dou 03.3SO o4.33 o3.W904 3.30b 63.099
5U 02.992 63.424 62.b60 63.319 64.6U0 64.067 63.381 63.61o
W0 02.959 63.451 62.66U 03.331 64.87b 64.229 u3.406 63.921
70 62.930 63.478 62.860 63.344 65.149 64.391 63.430 64.031
o0 o2.90Y+ 03.50u 62.60u 03.35b 65.419 64.553 63.455 64.142

90 62.681 63.533 62.860 63.369 65.690 64.715 63.480 64.253
loU 63.0•6 3.5bu UZ.boU W3.362 oz.90U o4+.b77 WS.505 u4.36ý
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TABLE C-3. (Continued)

PRODUCTION TIMES

Compaction 0.365 days

Sintering 0.365 days

Forging 0.365 days

These times are for yearly production of 1,000 parts.

C-16


